Abstract. Currently, optical 3-D scanners are used to reverse engineer vehicle chassis. Complete reverse engineering using optical scanners requires dismantling the samples. Therefore, industrial X-ray CT scanners must be used to enable a non destructive and time ecient process.
Identication of the Number of Overlapping Welded Thin Plates
in an X-ray CT Volume 
Problem of Welded Parts in an X-ray volume
A 3-D X-ray CT volume represents the distribution of the attenuation coecient in 3-D space. Attenuation coecients are determined by the material's density; therefore, parts with dierent materials can be distinguished by thresholding the CT value.
However, in our situation, vehicle chassis almost always consists of single material ( Figure 1 ). Welded metal parts with the same material are contiguous on CT volume. Simple thresholding is not sucient to segment parts.
Research Goals
To support the reverse engineering of vehicle chassis, we aim to provide information on the number of thin plates, particularly in the near eld of welding spots. The information can be visualized by coloring the CT volume or by extracting the regions which have the same number of plates overlapping. Figure 2 shows overlapping thin plates and the result of our computation. In the right image in Figure 2 , regions with overlap are distinguished and appear green, whereas non overlapping regions appear blue.
Related Research
A method was previously proposed to extract medial surfaces from a CT volume, including welded plates, based on searching medial cells and classifying and editing them [5] . These steps restrict the method to process no The proposed method enables treating more than three plates. This leads to a more ecient and useful reverse engineering process.
ALGORITHM
Our algorithm considers and provides the following inputs/outputs.
Inputs:
A 3-D X-ray CT volume containing the vehicle chassis A threshold value between the material and the air The thickness of the metal plates in the pressed part Our algorithm can be briey explained as follows. A simplied expression of a volume is shown in Figure 3. 1. The surface voxels on the CT volume are dened.
2. The thickness of the part on each surface voxel is calculated (Figure 3a ).
3.
The thickness values are propagated into the inner voxels (Figure 3b ).
4. The number of plates on each foreground voxel are determined according to the thickness value (Figure 3c ).
In the step 1, the CT volume is binarized using the input threshold value, and it denes surface voxels on the boundaries. Next, in the step 2, thickness values for each surface voxels are caluculated by searching another one.
After that, we have thickness values only on the surface voxels. We want a solid region of the metal parts.
So in the step 3, we propagate the values on the surface into the inner region. Then, we operate the graph cut optimization to segment the solid volume.
As assumptions, the following conditions are applied.
The thicknesses of thin plates in the CT volume are the same. The thickness of the thin plates is approximately several times over the voxel size.
The sections below explain detailed procedures. 
Attributes of the Voxels
The attributes for the voxels are dened, as shown in Figure 4 .
Voxels are of two types: foreground and background. These attributes are determined by thresholding.
Foreground voxels branch into surface and inner voxels. We explain this further in Section 2.2.
Denition of Surface Voxels
To begin calculating the thickness of the CT volume, we dene surface voxels on the boundary of metal and air ( Figure 5 ). Note that Figure 5 is a simplied example in a 2-D representation.
Starting from a CT volume ( Figure 5(a) ), for each voxel, we determine if the voxel is a foreground voxel (the value is above the threshold) or a background voxel (the value is below the threshold). This procedure is called binarization. The result is shown in Figure 5 (b).
Next, we dene the surface voxels by the following condition: surface voxels are foreground voxels that have at least one background voxel among their 26 neighboring voxels. Other foreground voxels, other than surface voxels, are marked as inner voxels. In Figure 5 (c), surface voxels are marked with a blue border.
Measurement of Distance
In this step, we calculate the thickness value for each surface voxel. By searching another surface voxel, we can dene an approximate thickness on voxel-level. Moreover, to achieve sub-voxel-level precision, detailed calculations are applied on the value.
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For each surface voxel p 1 , we search for another surface voxel p 2 in the direction of the gradient G = ∇I, where I represents the intensity value of the CT volume. These vectors are shown as red arrows in Figure 5 (d).
The distance between these two voxels represents the approximate (voxel-level) thickness of the chassis.
To achieve sub-voxel-level measurement, we suggest renement. First, we dene the penetration L as a straight line passing through the voxels p 1 and p 2 as shown in Figure 6 . Then, we interpolate the gradient eld I on the penetration L via trilinear interpolation. We denote this as ∇I(x), where x is the coordinate on the straight line L. Taking the inner product ∇I(p 1 ) · ∇I(x), we obtain a function, such as that shown in Figure 7 . The argument of the maximum and minimum of the function will be found near p 1 and p 2 . By dening the argument of the maximum and minimum of ∇I(p 1 ) · ∇I(x) as the new boundaries of this plate, we obtain a ne measurement T p1 of the thickness of the plate. 
Propagating Values into Inner Voxels
Now, we have the surface voxels and their calculated thickness values. In the segmentation of the volume, it is preferred that all foreground voxels have some value. In this step, we assign a value to the inner voxels, which have no value so far.
We want the inner voxels to have a value close to the nearest surface voxel. To achieve this, the following process is applied.
For each inner voxel p,
1. Enumerate the voxels that already have a value among the 26-neighboring voxels; and 2. Set the median value of these (enumerated) voxels as the value of p.
This process is iterated until no voxels are modied. After nishing this process, nearly all foreground voxels will have some value representing the thickness around them.
26-neighboring voxels are the voxels which share at least one vertex with p. The concept of 26-neighboring voxels is illustrated in Figure 8b , contrasted with that of 6-neighboring (Figure 8a ).
Determining the Number of Plates
Let us consider a method to label the foreground voxels with the number of thin plates. It is too complex to calculate all the combinations of voxels with all labels (such as 1, 2, 3, ...). Therefore, we adopted the multi The graph cut algorithm yields an optimized segmentation that minimizes an energy function E, which is denoted as
Here, p is the voxel of interest, f is a labeling pattern and l is a label (l = 1, 2, . . .). T p is the value of thickness of the voxel p. L is a set of labels. N is a set of pairs of neighboring voxels.
Some expressions have been altered from those of Ref. [4] .
The rst term of Eq. (1) is called the data cost. This term provides a low value when the thickness value T p likely to appear in the label l. For our problem, we use l-plateness for the data cost function and dene it as
The second term in Eq. (1) is called the smooth cost. This term is low when the labeling boundaries are smooth. The weight of the smooth cost is determined by the parameter λ. The last term in Eq. (1) adds energy when more labels are used.
The two coecients, λ and h l , need to be specied by the user.
EXPERIMENTS 3.1 Environments
The computer used in these experiments was equipped with Intel Xeon E5-2667 v4 3.20 GHz, 256 GB of RAM 
Samples
The two samples used in our experiments are shown in Figure 9 . 
Parameters Searching
Firstly, we conducted parameter searching using Sample A. There are two oating parameters, the smooth cost λ and the label cost h l . We estimated the order of the parameters λ and h l by combining the values and functions, λ ∈ {1, 10, 100, 1000} and h l ∈ 0, 10 l , 10
2l . See Fig. 10 . There seems to be nothing to do with the label cost h l . On the other hand, the smooth cost λ has a signicant eect on the segmentation result. In the case λ = 1, too much separation was applied. Conversely, there are no region that has been identied to be overlapping in the case λ = 1000. We adopt λ = 10, h l = 10 l as the parameters of following experiments.
Results
The results of identication for sample A are shown in Figure 11 The thickness data for the volumes will also be useful for other types of analyses, for example, weld spot detection. Signicant features around welding spots can be detected by analyzing our data. Information of weld spot is also helpful when treating the CT volumes of vehicles.
